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PHOTOCHROMIC AND ELECTROCHROMIC COMPOUNDS 
AND METHODS OF SYNTHESIZING AND USING SAME 

REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of United States provisional patent applications Serial 
No. 60/402081 filed 9 August 2002 and Serial No. 60/442063 dated 24 January 2003. 

FIELD OF THE INVENTION 

This invention relates to novel photochromic and electrochromic monomers and polymers 
based on 1 ,2-dithienylcyclopentene derivatives and methods of using and synthesizing same. 

BACKGROUND OF THE INVENTION 

Molecules that toggle between two distinct forms when exposed to specific external stimuli, 
where each form exhibits unique physical properties, are promising candidates for 
fabricating controllable nano-devices. 1 Photochromic devices exhibit reversible variations in 
color when stimulated by light. 2 Few photochromic compounds possess the favourable 
properties displayed by the 1,2-dithienylcyclopentene skeleton, which interconverts between 
its colorless ring-open and colored ring-closed isomers with a high degree of fatigue 
resistance and bistability. 3 Photochromic compounds have many potential applications 
including high-density optical information storage systems, photoregulated molecular 
switches, reversible holographic systems, ophthalmic lenses, actinometry and molecular 
sensors, photochromic inks, paints and fibers and optoelectronic systems such as optical 
waveguides, Bragg reflectors and dielectric mirrors. 4 
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Electrochromic molecules which change color when electrochemically oxidized or reduced 
are also known in the prior art. 5 For example, electrochromic systems are used in optical 
display and optical shutter technology and are useful as variable-transmission filters. 
Electrochromic displays (ECDs) are potentially superior to cathode ray tube (CRT) and 

5 liquid crystal displays (LCDs) since they consume comparatively little power, exhibit 

display memory effects (i.e. persistence of an image after power is removed), and provide 
greater opportunities for varying image tone by applying a greater electrical charge. ECDs 
are also very flexible since the alignment of layers in a multi-layer device is not as critical. 
Composite electrochromic systems providing more flexibility in color may be readily 

10 designed. ECDs may also potentially be more useful than CRT and LCD technology for 
large-area displays and transmissive light modulators, such as windows and optical shutters. 

Heretofore "dual mode" compounds based on 1,2-dithienylcyclopentene skeleton that are 
both photochromic and electrochromic due to induced ring-closing/ring-opening reactions 
have not been described in the prior art. 6 Such dual mode compounds would offer the 

15 opportunity to fabricate more sophisticated and versatile control systems for regulating the 
optical properties of products. For example, composite systems comprising multiple layers 
can pose particular technical challenges. If all of the layers are solely photochromic, the 
light energy will be filtered once the first surface layer is colored and the likelihood of light 
penetrating all of the interior layers is low. Moreover, an interior layer cannot be 

20 independently addressed using light alone unless the system is capable of two-photon-mode 
photochromism. Electrochromism provides a means to access each layer individually since 
a multilayer device can be constructed of individual insulated electrode films. Many other 
applications may envisaged where it would be convenient to reversible change the color of a 
product by both photochromic and electrochromic means. It would be particularly 
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advantageous if the electrochromic trigger could be implemented in a catalytic 
electrochemical process to minimize the required energy input. 



The need to incorporate photochromic and electrochromic molecules into workable materials 
5 such as films, sheets, fibers or beads demands them to be in polymeric rather than monomeric 
forms. 7 Ring-Opening Methathesis Polymerization (ROMP) is an ideal method for 
synthesizing functional polymers with narrow molecular weight distributions due to tlie mild 
reaction conditions needed and its compatibility with a wide range of functional groixps. 8 In 
addition, the polymer chain length can be readily tailored by varying the catalyst/monomer 

1 0 ratio. The versatility of ROMP for generating photochromic polymers, including polymers 

having a variety of pendant functional groups, is described in the Applicant's PCT application 
No. PCT/CA01/01033 (WO 02/06361) which is hereby incorporated by reference. A^s 
described in the '033 application, homopolymers (i.e. polymers derived from one species of 
monomer) are more desirable than copolymers as they will have an increased density of the 

15 photochromic unit within the material. 9 This translates into a greater amount of information 
expressed or stored per unit volume or surface. While the photochromic homopolymers 
described in the '033 application are very useful, the density of the homopolymers is limited 
by the fact that the active photochromic component is located on a side chain of the 
polymer. In order to create ultra-high density homopolymers it would be desirable if the 

20 active component could be arranged directly on the main-chain or backbone of the polymer. 

A need has therefore arisen for dual mode compounds having physical properties which may 
be controlled be controlled both photochemically and electrochemically and improved 
homopolymers having a more dense arrangement of active chromic components, both in 
solution and in solid-state forms. 
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SUMMARY OF THE INVENTION 



The invention relates to a compound selected from the group consisting of compounds 
reversibly convertible under photochromic and electrochromic conditions between a ring- 
5 open isomer (I) and a ring-closed isomer (II): 



wherein Ri is selected from the group consisting of H and a halogen; R2 is selected from the 
group consisting of H, a halogen., CH=CH and a polymer backbone; R3 is selected from the 

group consisting of H, a halogen, C0 2 Y (Y=H, Na, alkyl, aryl), and & (X=N,0,S); R4 is 
selected from the group consisting of alkyl and aryl; and R5 is selected from the group 
1 5 consisting of H, alkyl and aryl. In one embodiment of the invention Ri and R 2 are preferably 
F. In another embodiment Ri is H and R 2 forms part of a cyclic structure (i.e. R 2 is CH=CH). 

The compounds of the group described above are "dual mode" since they are both 
photochromic and electrochromic under appropriate conditions. For example, a selected 
compound may be convertible from the ring-open isomer (I) to the ring-closed isomer (II) 
20 under photochromic conditions and from the ring-closed isomer (II) to the ring-open isomer 
(I) under electrochromic conditions. Conversely, the compound may be convertible from the 
ring-closed isomer (II) to the ring-open isomer (I) under photochromic conditions and from 
the ring-open isomer (I) to the ring-closed isomer (II) under electrochromic conditions. 




(I) 



(II) 



10 
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Moreover, the interconversion between the isomeric forms may be both photochromic and 
electrochromic depending upon what reaction conditions are selected. For example the 
compound may be convertible from the ring-closed (II) isomer to the ring-open isomer (I), or 
vice versa, under both photochromic and electrochromic conditions. 

5 Preferably the electrochromic interconversion is catalytic. For example, oxidation of the ring- 
closed isomer (II) may result in the formation of a radical cation. The cation undergoes a 
rapid ring-opening reaction to produce the radical cation of the ring-open isomer (I) which in 
turn readily accepts an electron from another molecule of the ring-closed molecule (II). 
Continuation of this oxidize/ring-open/reduce cycle will eventually result in the complete 
10 conversion of (II) to (I). 

The compounds of the invention may be in either a monomelic or polymeric form. The 
polymeric form may be a homopolymer produced by ring-opening methathesis 
polymerization (ROMP). The homopolymer may include the active photochromic component 
as either a side-chain or the main-chain of the polymer. In the latter case the central ring of 
15 the photochromic l,2-bis(3-thienyl)cyclopentene may be incorporated directly into the 

polymer main-chain to form an ultra-high density polymer interconvertible between isomeric 
forms (III) and (IV) as shown below: 




(in) (iv) 

20 where R 3 is as described above and may, for example, consist of halogen, CO2CH3 or C0 2 H. 

Methods of synthesizing the compounds of the invention and using the compounds in 
photonic and/or optoelectronic applications are also described. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention but which should not be construed 
to limit the scope of the invention: 

5 Figure 1 is a graph of changes in the UV-Vis absorption spectrum of a CH2CI2 solution of 
l ? 2-bis(2 5 5-bis(2-thienyl)-3-thienyl)hexafluorocyclopent-l-ene (compound 1) (2 x 10* 5 M) 
upon irradiation with 365 nm light. Irradiation periods are every 5 seconds until a 50 second 
period was reached. The dotted trace (•— ) is the spectrum after photobleaching the solution by 
irradiation with > 490 nm light. 

10 

Figures 2(a) - 2(c) are cyclic voltammograms of a CH 3 CN solution (1 x 10" 3 M) of (a) 
compound 1 and (b) compound V at a scan rate of 200 mV/s with 0.1 M NBU4PF6 as the 
supporting electrolyte. Graph (c) shows the partial cyclic voltammogram of a CH3CN solution 
(1 x 10" 3 M) of V at scan rates of 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500 mV/s. 
15 A platinum disk working electrode, a Ag/AgCl (in saturated NaCl) reference electrode and a 
platinum wire counter electrode were used. Ferrocene was added as an internal reference 
(0.405 V SCE). 

Figure 3 is a graph of the UV-Vis absorption spectra of a CH 2 C1 2 solution (2 x 10~ 5 M) 
20 containing 75% of V before addition of the radical cation [(4-BrC 6 H4) 3 N][SbCl6] (— ) and 
after addition of one mole% [(4-BrC 6 H4)3N][SbCl 6 ] (— ). 
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Figure 4 is a series of photographs showing a gradual color change of a CH 2 C1 2 solution of 
compound 1 containing 75% of the ring-closed isomer 1' when treated with a catalytic 
amount of [(4-BrC 6 H4) 3 N] [SbCl 6 ] . 

Figure 5 is a graph of the UV-VIS absorption spectra of l,2-bis(2,2 ? -bithien-3- 
yl)hexafluorocyclopent-l-ene (compounds 2 and 2') at the photostationary state containing 
38% 2'. The spectra were of CH 2 C1 2 solutions at 2 x 10" 5 M. The photostationary state was 
obtained by irradiating a solution of 2 with 3 13 nm light until no spectral changes were 
observed. 

Figure 6 are cyclic voltammograms of compounds 2 (top) and 2' (bottom) using lxlO* 3 M 
CH 3 CN solutions of both isomers at a scan rate of 200 mV/s with 0.1 M NBu 4 PF 6 as the 
supporting electrolyte. A platinum disk working electrode, a Ag/AgCl (in saturated NaCl) 
reference electrode and a platinum wire counter electrode were used. 

Figures 7 (a) and (b) are graphs showing the UV-Vis absorption spectra of CH 2 C1 2 solutions 
(2 x 10 -5 M) of the ring-open (— ) and ring-closed ( — ) forms of (a) 2-bis(2,5-diphenylthien- 
3-yl)-hexafluorocyclopent-l-ene (compound 3) and (b) l,2-bis(2-phenyl-3- 
thienyl)hexafluorocyclopent-l-ene (compound 4). The ring-closed forms were generated by 
irradiating with 365 nm (compound 3) and 313 nm (compound 4) light until the 
photostationary state was reached which consisted of 42% and 27% of the ring-closed 3' and 
4% respectively. 
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Figures 8(a) and (b) are cyclic voltammograms of (a) a CH 2 C1 2 solution (1 x 10~ 3 M) of 3 
before irradiation (top) and after irradiation (bottom) with 365 nni light for 5 minutes and (b) 
a CH 3 CN solution (1 x 10" 3 M) of compound 4 before irradiation (top) and after irradiation 
(bottom) with 313 nm light for 2 minutes. All voltammograms were performed at a scan rate 
of 200 mV/s with NBu 4 PF 6 as the supporting electrolyte. The inset in (a) magnifies the region 
of the bottom voltammogram between 0.7 and 1 .2 0 V. The inset in (b) magnifies the region 
of the bottom spectrum between 0.7 and 1 .0 2 V. A platinum disk working electrode, a 
Ag/AgCl (in saturated NaCl) reference electrode and a platinum wire counter electrode were 
used. 

Figure 9 is a graph of the UV-Vis absorption spectra of a CH2CI2 solution of l,2-bis(2- 
methyl-5 ? 5 ? -dithiophen-3-yl)perfluorocyclopent-l-ene (compounds 5 and 5' ) at the 
photostationary state containing >97% 5'. The spectra were of CH 2 C1 2 solutions at 2 x 10" 5 M. 
The photostationary state was obtained by irradiating a solution of 5 with 365 nm light until 
no spectral changes were observed. 

\ 

Figures 10(a) and 10(b) are cyclic voltammograms of a CH 3 CN solution (1 x 10" 3 M) of (a) 
compound 5 (top trace), 5' (bottom trace), (b) compound 6 (top trace) and 6' (bottom trace). 
The inset in (a) shows the cyclic voltammogram of five redox cycles of 5. In all cases, a scan 
rate of 200 mV/s was used. A platinum disk working electrode, a Ag/AgCl ( in saturated 
NaCl) reference electrode and a platinum wire counter electrode with 0.1 M NBu 4 PF 6 as the 
supporting electrolyte were used. 
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Figures 11(a) - (d) are UV-Vis absorption spectra showing changes in the spectra upon 
irradiation of (a) 2,3-bis(3-(2-methyl-5-carboxymethylthienyl))bicyclo[2.2.1]hept-2 5 5-diene 
(monomer 8) in solution (THF), (b) polymer 11 in solution (THF), (c) polymer 11 cast as a 
film, and (d) polymer 12 in solution (pH 7 KH2PO4/K2HPO4 buffer) with 313 nm light (254 
5 nm for monomer 8). Irradiation periods for the solution studies are 0, 2, 6, 12, 20, 30, 45, 65, 
90 and 120 s. Irradiation periods for the studies on the polymer film are 0, 2, 6, 12, 20, 30, 45, 
65, 90, 120, 155, 195, 240, 290 s. 



10 Throughout the following description specific details are set forth in order to provide a more 
thorough understanding of the invention. However, the invention may be practiced without 
these particulars. In other instances, well known elements have not been shown or described 
in detail to avoid unnecessarily obscuring the present invention. Accordingly, the 
specification and drawings are to be regarded in an illustrative, rather than a restrictive, sense. 

1 5 This application relates to 1 ,2-dithienylcyclopentene derivatives having the general structure 
shown in Scheme 1 below: 



DETAILED DESCRIPTION OF THE INVENTION 




Ri = H, F 



R2 = H, F, CH=CH, polymer backbone 

R 3 = H, halogen, C0 2 Y (Y = H, alkyl, aryl), (X = N, O, S) 

R4 = alkyl, aryl 



R 5 = H, alkyl, aryl 



Scheme 1 
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As described in detail below, this application also relates to methods of synthesizing and using 
the compounds, including both polymer and monomer precursors. 

The compounds are reversibly convertible between the ring-open isomer (I) and the ring- 
closed isomer (II) under photochemical and/or electrochemical conditions. For example, 
5 reversible photocyclization between the ring-open and ring-closed forms (I, II) may occur 
when the compounds are irradiated with the appropriate wavelengths of light or 
electrochemically oxidized or reduced. For example, some compounds undergo 
photochemical ring-closing (with UV light) and both photochemical (with visible light) and 
electrochemical (oxidation) ring-opening. Conversely other compounds undergo 

10 photochemical ring-opening under photochemical conditions and ring-closing under both 

photochemical and electrochemical conditions. Accordingly, some of the compounds exhibit 
a dual-mode action combining both photochromism and electrochromism. As 
used in this patent application "photochromism" refers to the capacity of a compound to 
reversibly change color when subjected to radiant energy and "electrochromism" 

15 refers to the capacity to change color when subjected to a positive or negative charge. 

The general methodology for synthesizing the fluorinated derivatives of the invention is 
shown in Scheme 2. In this case octafluorocyclopentene is used as a reagent and Ri and R 2 
are F. 




R1R1 



20 



Scheme 2 
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As shown in Table 1, and as described in detail below, the following fluorinated monomelic 
compounds have been shown synthesized using the methodology of Scheme 2 and have been 
shown to exhibit both photochromic and electrochromic properties 



Table! 



Compound 


Ri.R? 




S4 
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O 

X 

x=S 


O 

X 

x=S 
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H 
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O 


O 


H 
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F 


H 
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H 


5 


F 


(% 

X 

x=S 


CH 3 


H 


6 


F 


H 3 C^ X 

' x=S 


CH 3 


H 



As discussed above, the need to incorporate these compounds into workable materials such as 
films, sheets, fibers or beads demands that the compounds be in polymeric rather than 
monomelic forms. The fluorinated compounds may be polymerized using ring-opening 
methathesis polymerization (ROMP) as described in Patent Cooperation Treaty application 
10 No. PCT/CA01/01033 (WO 02/06361) and as shown generally in Scheme 3 below: 
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H 



Scheme 3 

Another significant advantage of the invention is that the electrochromism of the 
photochromic compounds described herein is catalytic as shown in Scheme 4 below. 




Scheme 4 ' 

In particular, in an electrochemical cell the ring -closed form (IT) loses an electron to the 
anode (i.e. it is oxidized) and forms its radical cation. This radical cation undergoes a rapid 
ring-opening reaction to produce the radical cation of isomer (I). Because the neutral form 
of isomer (I) requires a substantially more positive potential to undergo oxidation (1 .27 V), 
its radical cation immediately oxidizes a neighboring molecule of (H) and is effectively 
neutralized. Accordingly, only a small amount of the ring-closed form (D) needs to be 
oxidized because this will ring-open to (I), which will subsequently remove an electron from 
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another molecule of (13) regenerating its radical cation. The continuation of this 
oxidize/ring-open/reduce cycle will eventually result in the complete conversion of (II) to 
CD- 

The fact that the conversion between photochromic forms may be catalysed 
5 electrochemically may be advantageous in many applications of the invention, such as thin 
film displays. First, the need for diffusion of counterions is minimized which is often a 
kinetic bottleneck in conventional electrochromic systems. For example, in the case of an 
oxidation process, anions must be incorporated from the surrounding medium or cations 
must be ejected from the film to maintain charge balance. Typically this is accomplished by 

10 adding a secondary electrochrome and a charge-carrying layer to the system. This step is 
not required in the present case. The catalytic system needs minimal movement of ions 
because there is no net change in charge in the reactions or a buildup of charge. As 
described above, when the radical cation of the ring-open isomer forms, it removes an 
electron from a neighbouring molecule of the ring-closed isomer and hence the process will 

15 propagate throughout the entire system. Secondly, the catalytic process is very energy 
efficient since only a small amount of charge needs to be applied to initiate the catalytic 
cycle. Thirdly, the colouration value will be very large. The colouration value is 
proportional to the change in absorpitivity and inversely proportional to the charge injected 
per unit area. This is particularly important when constructing devices from indium tin 

20 oxide (ITO) electrodes which are semiconducting and have a very small number of charge 
carriers. In the case of films, very thin films such as monolayers do not contain a sufficient 
amount of active material to generate a satisfactory change in optical absorbance. Thicker 
films would require the diffusion of ions through all of the layers. The catalytic system of 
the present invention does not require diffusion since the transfer process can be relayed 
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throughout the entire film. In other words the electrochemical trigger does not need to be 
highly efficient since it is only required to initiate the catalytic cycle. 

The general methodology for synthesizing the non-fluorinated dithienylalkene derivatives 
using 2,3-dibromobicyclo[2.2.1]hepta-2,5-diene as a reagent is shown in Scheme 5 below. 



nr 1)/7-BuLi,Et,0 
P r 2) ZnCI 2 



CH 3 3) /=v 




Br Br 7 R 3 = CI , ! ) n .BuLi, THF 

2) CO, 

3) K 2 S0 4 



Pd(PPh 3 ) 4 , THF 

8 R 3 = C0 2 Me 



SO 2 (0CH 3 ) 2 



9r 3 =H3C ^!) 



1)_ P(Cy) 3 



CI Ru= _. 

Cl^ j "Ph p h i^^V^L-H Ph 
P(Cy) 3 \ W 254-365 nm 




THF D JL %<r<y. 0 > 434 nm 

2) H 2 C=CHOCH 3 R 3S^^S R 3 

10 Ft^CI 

11 R 3 = C0 2 Me 

I 1)NaOH,H 2 0 
| 2) HCI 

12R 3 = CO z H 
13R 3 = H3 °^[^ 



Scheme 5 

As shown in Table 2, and as described in detail below, the following non-fluorinated 
monomeric and polymeric compounds have been shown synthesized using the methodology 
of Scheme 5 . i 



14 

SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



Table 2 



Compound 
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H 


HC-CH 

polymer backbone 


x=S 


CH 3 


H 



An important advantage of the polymerization approach shown in Scheme 5 (for example, 
yielding polymerized compounds 10, 11 12 and 13) is that the cyclopentene ring of the 1,2- 
5 bis(3-thienyl) cyclopentene unit is incorporated directly into the polymer backbone. This 
results in a polymer having an ultra-high density of active photochromic/electrochromic 
components (i.e. higher densities are achieved by decreasing the size of the linker that 
connects the dithienylethene to the polymer backbone). Higher density polymers offer the 
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opportunity to express or store a greater amount of information per unit volume or surface 
area. For example, the percent mass of the active photochromic component in the side-chain 
polymers shown in Scheme 3 ranges from 60-68%. By way of comparison, the new 
generation main-chain polymers of Scheme 5 have a percent mass of the active photochromic 
5 component ranging up to 93%. This is primarily due to the ROMP reaction of the strained 
olefin producing the requisite cyclopentene backbone that has been shown to be very 
versatile. As described below, both lipophilic and hydrophilic versions of the polymers have 
been prepared. 

As described below, the photochromic polymers of Table 2 have been shown to undergo 
10 induced isomerization both in solution and in solid state form. These functional polymers are 
therefore well suited for incorporation into workable materials such as films, sheets, fibers or 
beads. 

EXAMPLES 

The following examples will further illustrate the invention in greater detail although it will 
15 be appreciated that the invention is not limited to the specific examples. 

Experimental Methods 

All solvents were dried and degassed by passing them through steel columns containing 
activated alumina under nitrogen using an MBraun solvent purification system. Solvents for 
NMR analysis (Cambridge Isotope Laboratories) were used as received. All synthetic 
20 precursors were purchased from Aldrich with the exception of Pd(PPh3)4 and 

bis(tricyclohexylphosphine)benzylidene ruthenium(IV)dichloride (Grubb's catalyst) which 
were purchased from Strem. Octafluorocyclopentene was obtained from Nippon Zeon 
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Corporation. Column chromatography was performed using silica gel 60 (230-400 mesh) 
from Silicycle Inc. 

l H 1STMR characterizations were performed on a Bruker AMX 400 instrument working at 
400 . 1 03 MHz. 13 C NMR characterizations were performed on a Bruker AMX 400 instrument 
5 working at 100.610 MHz. Chemical shifts (S) are reported in parts per million relative to 
tetramethylsilane using the residual solvent peak as a reference standard. Coupling constants 
(J) are reported in Hertz. FT-IR measurements were performed using a Nexus 670 or a 
Nicolet Magna-IR 750 instrument. UV-VIS measurements were performed using a Varian 
Cary 300 Bio spectrophotometer. Low resolution mass spectrometry measurements were 
10 performed using a HP5985 with isobutane as the chemical ionization source. 

Standard lamps used for visualizing TLC plates (Spectroline E-series, 470 |xW/cm 2 ) were 
used to carry out the ring-closing reaction of all photochromic compounds using a 365-nm, a 
313 -nm or a 254-nm light source when appropriate. The compositions of all photostationarty 
states were detected using ! H NMR spectroscopy. The ring-opening reactions were carried out 
1 5 using the light of a 1 50-W tungsten source that was passed through a 490-nm or a 434-nm 
cutoff filter to eliminate higher energy light. 

As used herein, a bold numeral (e.g. 1) denotes the ring-open isomeric form of a compound 
and a bold, primed numeral (e.g. V) denotes the ring-closed isomeric form of the same 
compound. 

20 Example 1 

1.1 Synthesis of LZ-bisQ.S-bis^-thienvlVS-thienvDhexafluorocvclopent-l-ene 

^Compound 1) 
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1 

Scheme 6 

A solution of 3 5 -bromo-2 ? 2';5 5 2'terthiophene (0.749 g, 2.3 mmol) in anhydrous Et 2 0 (25 mL) 
5 cooled to —20 °C was treated with rc-BuLi (0.91 mL of a 2.5 M solution in hexane) dropwise 
under an argon atmosphere. After stirring the solution for 30 min, octafluorocyclopentene 
(0.13 mL, 1.15 mmol) was added dropwise using a cooled gas tight syringe and the solution 
immediately turned dark red in colour. After stirring for 1 h, the cooling bath was removed 
and the solution was allowed to warm to room temperature and stirred for 16 h when it was 
10 quenched with 5% HC1 (10 mL). The aqueous layer was separated and extracted with Et 2 0 (2 
x 10 mL). All organic extracts were combined, washed with H 2 0 (2x10 mL), followed by 
brine (10 mL), dried (Na 2 S0 4 ) and filtered. The solvent was evaporated under reduced 
pressure and the crude product was purified using column chromatography through silica gel 
(hexanes) yielding 175 mg of pure product as a yellow crystalline solid. Yield: 23 %. 

15 M.p. 1 16-1 1 7 °C; J H NMR (300 MHz, CD 2 C1 2 ) £7.30 (dd, J— 5, 1 Hz, 2H), 7.19 (dd, J— 5, 1 
Hz, 2H) 7.1 1 (dd, J= 4, 1 Hz, 2H), 7.04 (dd, J = 5, 4 Hz, 2H), 6.83 (dd, J= 5, 3 Hz, 2H), 6.74 
(dd, J=3, 1 Hz, 2H), 6.41 (s, 2H); 13 CNMR(125 MHz, CD 2 C1 2 ) S 137.9, 136.3, 136.2, 
133.0, 128.3, 128.2, 127.9, 127.0, 125.7, 125.0, 124.9, 123.8 (12 of 15 carbons found); FT-IR 
(CHCl 3 cast) 3105, 1695, 1685, 1651, 1644, 1616, 1576, 1561, 1538, 1505, 1467, 1415, 1384, 

20 1328, 1274, 1244, 1225, 1191, 1130, 1096, 1046, 1028, 976, 952, 877, 833, 757, 696, 581, 
553, 472, 45 8cm" 1 ; HRMS (EI) Calcd for (C 29 Hi4F 6 S 6 ): 667.9324. Found: 667.9337. 
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Compound 1 (5 mg) was dissolved in CH2CI2 (20 mL) and placed in a quartz glass cell. The 
solution was irradiated at 365 nm for 10 min. The solvent was evaporated off under reduced 
pressure and the crude product was recrystallized (hexanes) to afford the pure product as a 
10 blue powder. 

! H NMR (500 MHz, CD 2 C1 2 ) 5 7.49 (d, J= 5 Hz, 2H), 7.38 (dd, J= 4, 1 Hz, 2H), 7.30 (dd, J 
= 5, 1 Hz, 2H), 7.28 (d, J= 4 Hz, 2H), 7.07 (dd, J= 5, 4 Hz, 2H), 6.92 (dd, /= 5 9 4 Hz, 2H), 
6.58 (s, 2H). 

15 1.3 UV-VIS Spectroscopy of Compound 1 

Irradiation of a CH2CI2 solution (2 x 10' 5 M) of compound 1 with 365 nm light resulted in an 
immediate increase in the absorption band in the visible spectral region (A, max = 632 nm) due 
to the production of the ring-closed isomer V of compound 1 (Figure 1). A visual change in 
20 colour from light yellow to blue accompanied this transformation. Subsequent irradiation of 
the solution with visible light (greater than 490 nm) resulted in the complete disappearance of 
the absorption band at 632 nm and regeneration of the original UV-VIS absorption trace 
representing the ring-open isomer 1. 

25 1.4 Thermal Stability of the Ring-Closed Isomer V 

The thermal stability of the ring-closed isomer V was studied by storing a sample containing 
80 % of the ring-closed isomer 1' (i.e. the photostationary state) in CD 2 C1 2 at room 
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temperature in the dark. H NMR analysis was performed on this solution periodically and the 
ring-closed isomer V was thermally stable at 25 °C for over one month. 

1.5 Cyclic Voltammetry of 1 and V 

5 

The cyclic voltammogram of ring-open isomer 1 shows an irreversible oxidation peak at 1.27 
V for all scan rates tested (50 - 3000 mV/s) (Figure 2a). The voltammogram of the ring- 
closed isomer of compound 1% obtained after irradiation of a CH 3 CN (1 x 10 M) solution of 
compound 1 with 365 nm light for 5 minutes, showed a very small irreversible oxidation peak 

10 at 0.85 V that is almost too small to measure (Figure 2b). Increasing the sweep rate in the 
cyclic voltammetry experiments resulted in a subsequent increase in the intensity of the 
oxidation peak at 0.85 V. However, there is insignificant growth in the reduction peak on the 
return sweep (Figure 2c). This implies that the rate of the ring-opening reaction of the radical 
cation compound r (+#) is faster than the limitations of our instrument. The sweep rate was 

15 increased up to a maximum speed of 5000 mV/s without a significant change in the intensity 
of the reduction peak on the return sweep. 

1.6 Catalytic Ring-Opening of compound V Monitored Using UV-VIS Absorption 
Spectroscopy 

20 

A CH 2 C1 2 solution of ring-open isomer 1 was irradiated with 365 nm light until 75% of the 
ring-closed form V was produced as determined by X H NMR spectroscopy. The UV-VIS 
absorption spectrum of aCH 2 Cl 2 solution containing 75% of the ring-closed isomer V is 
shown in Figure 3. An aliquot of a CH 2 C1 2 solution (2 x 10' 5 M) of the one-electron-accepting 

25 radical cation [(4-BrC 6 H 4 )3N] [SbCl 6 ] (E ox = 1.15 V), corresponding to one mol% was added 
to the blue CH 2 C1 2 solution containing 75% of the ring-closed isomer 1\ The UV-VIS 
absorption spectrum taken immediately after the addition of one mol% of [(4- 
BrC6H4)3N][SbCl6] showed the complete disappearance of the absorption band in the visible 
region (A, max = 632 nm) corresponding to the ring-closed isomer 1* and regeneration of the 

30 spectrum that is consistent with the ring-open isomer 1 (Figure 3 and Figure 4). Irradiation of 
the solution with 365 nm light resulted in no change of the UV-Vis spectrum, which would 
accompany the formation of the ring-closed product, since the radical cation [(4- 
BrC 6 H4)3N][SbCl 6 ] still remained in solution. Inducing the ring-opening reaction using a 
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catalytic amount of the chemical oxidant was very efficient since only a small percent was 
needed to initiate the ring-opening process. 

1.7 ^-Conjugation 

5 

The Tt-electrons are delocalized throughout the photochromic backbone only in the ring-closed 
state 1' due to the linearly ^-conjugated pathway that is created upon photocyclization. On 
the other hand, these electrons are forced to reside on the two thiophene rings in the ring-open 
form 1 due to the lack of linear ^-conjugation between the two heterocycles. Therefore, any 

10 7C-electrons of the two R 3 groups can only interact with each other through the conjugated 
pathway in the ring-closed state 1'. Accordingly, incorporating the photochromic 
dithienylethene backbone into polyene molecular wires should permit the reversible switching 
of conductive properties by photoirradiation. Although there are several reports that describe 
how this structural modification can regulate electronic communication between various R 3 

15 substituent groups, the inventors are unaware of any that take advantage of the skeletal 

alteration between the groups R3 and R4 within the two isomers: upon photochemical ring 
closure, the two carbon atoms involved in forming the new single bond (the 2'-positions of 
the heterocycles) change their hybridization from sp 2 to sp 3 . 

20 In accordance with the invention two terthiophene units have been modified so that the central 
thiophene rings of each make up the photochromic dithienylethene backbone. Because oligo 
and polythiophenes display promising semi-conducting properties and are being considered as 
prototype molecular-scale wires, the inventors chose to use terthiophene as a model 
oligothiophene to incorporate into the photochromic 1,2-dithienylcylcopentene. Complete 

25 derealization of the ^-electrons in this manner results in the ring-closed structure 1\ Using 
this approach, ^-conjugation is not just regulated on command, but also re-routed. 

Single crystals of compound 1 suitable for X-ray crystallographic analysis were grown by 
slowly cooling a hot hexane solution of the compound. The structure of 1 in the crystal 
30 reveals that the two peripheral heterocycles of each terthiophene are rotated an average of 20° 
and 48° for the outer and inner rings respectively. Despite this deviation from coplanarity 
with the central heterocycle in the solid-state, the recorded UV-Vis absorption spectra, 
described above, show that, in solution, ^-conjugation is still extended throughout each 
terthiophene arm of the photochromic system. 
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This work clearly demonstrates that while the ring-open isomer 1 has two ^-conjugated 
terthiophene arms, the ring-closed isomer V has the linearly 7t-conjugated pathway extending 
throughout the backbone of the photochrome. The original conjugated pathways have been 
destroyed. This is clearly evidenced by the similarity of the absorption spectrum in the visible 
region between the ring-closed forms of 1 ' and 5' (described further below), the latter 
possessing an identical linear ^-conjugation backbone but is lacking the additional thiophene 
heterocycles. The absorption spectra of ring-open 1 and 5 are different due to the extended 
conjugation in 1 as compared to 5. 

Similar principles apply in respect of the other compounds described below where R3 and R4 
are aiyl. 



Example 2 

15 2.1 Synthesis of L2-bis(2.2 !> -bithien-3-vl > )hexaflu.orocvclopent-l-ene (compound 2V 

Br 

1)n-BuLi, Et 2 O,-20'C 



10 



20 



^ \J 2) F F 




Scheme 8 



A solution of 3-bromo-[2,2']bithiophenyl (0.500 g, 2.3 mmol) in anhydrous Et 2 0 (25 mL) 
cooled to -20 °C was treated with n-BuLi (0.82 mL of a 2.5 M solution in hexane) drop wise 
under an argon atmosphere. After stirring the solution for 30 min, octafluorocyclopentene 
(0.13 mL, 1.0 mmol) was added dropwise using a cooled gas tight syringe and the solution 

25 immediately turned dark red. After stirring at this temperature for 1 h, the cooling bath was 

removed and the reaction mixture was allowed to warm to room temperature and stirred for 16 
h when it was quenched with 5% HC1 (5 mL). The aqueous layer was separated and extracted 
with Et 2 0 (2x10 mL). All organic extracts were combined, washed with H 2 0 (2x10 mL), 
followed by brine (10 mL), dried (Na 2 S0 4 ) and filtered. The solvent was evaporated under 

30 reduced pressure and the crude product was purified using column chromatography through 
silica gel (hexanes) yielding 75 mg of pure product as a white solid. Yield: 8 %. 
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M.p. 160-162 °C; X H NMR (400 MHz, CD 2 C1 2 ) £7.23 (dd, J= 5, 1 Hz, 2H), 7.03 (d, J= 5 
Hz, 2H), 6.89 (dd, J =5, 4 Hz, 2H ), 6.64 (dd, J= 4, 1 Hz, 2H), 6.41 (d,J= 5 Hz, 2H); 13 C 
NMR (125 MHz, CDC1 3 ) 8 137.1, 133.2, 127.7, 127.5, 126.9, 126.3, 125.4, 124.3 (8 of 11 
carbons found); FT-IR (CH 2 C1 2 cast) 31 10, 2924, 2841, 1337, 1275, 1241, 1189, 1130, 1088, 
5 963, 942, 852, 737, 699, 65 1 cm" 1 ; LRMS (CI) Calcd for (C 2 iHi 0 F 6 S 4 ) 504. Found: 505 
[M+ H] + . Anal. Calcd for C 2 iH 10 F 6 S 4 : C, 49.99; H, 2.00. Found: C, 50.40; H, 2.1 1. 

2.2 Synthesis of the ring-closed form 2' 



Compound 2 (10 mg) was dissolved in CH 2 C1 2 (20 mL) and placed in a quartz glass cell. The 
1 5 solution was irradiated with 3 1 3 nm light for 4 min. The solvent was evaporated under 

reduced pressure and the crude product was purified using column chromatography through 
silica gel (hexanes:CH 2 Cl 2 , 9: 1) to afford pure 2' as a purple solid. 

! H NMR (600 MHz; CD 2 C1 2 ) <S7.42 (dd, J= 3.6, 1.2 Hz, 2H), 7.34 (dd, J= 4.8, 1.2 Hz, 2H), 
7.14 (d, J= 6.0 Hz, 2H), 6.96 (dd t J= 5.4, 1.2 Hz, 2H), (d, J= 5.4 Hz, 2H), 6.28 (d, J= 6.0 
20 Hz, 2H). 

2.3 UV-VIS Spectroscopy of compound 2 

The bis(dithiophene) 2 exhibits a low-energy absorption band at X msK = 320 nm (Figure 5). 
The absorption band of bis(dithiophene) 2' appears at A, max = 545 nm after irradiation of a 
25 CH 2 C1 2 solution (2 x 10" s M) with 313 nm light and reaches a photostationary state of 38 % in 
CD2CI2 (1 x 10" 3 M) as monitored by 1 H NMR spectroscopy (Figure 5). 

2.4 Cyclic Voltammetrv of compound 2 



10 




Scheme 9 
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The voltammogram of 2 shows an irreversible oxidation peak at 1 .54 V. Irradiation of the 
solution of 2 with 313 nm light generated 38% of the ring-open isomer (as determined by ! H 
NMR spectroscopy) and the cyclic voltammogram shows a small irreversible oxidation peak 
at 1.16 V due to the ring-closed isomer V (Figure 6). 

5 Example 3 

3.1 Synthesis of the L2-bisr2.5-diphenvlthien-3-vlVhexafluorocvclopent-l-ene 
(compound 3) 



Br ^~)-B(OH) 2 



Br-^s^Br Na 2 C0 3 
Pd(PPh 3 ) 4 
THF/H 2 0 




1)n-BuLi, Et 2 O,-20°C 



2) 



R F 



F F 




BT1 



10 



Scheme 10 



3.1.1 Synthesis of 3-bromo-2,5-diphenylthiophene (BT1) 

Phenylboronic acid (0.756 g, 6.2 mmol) was added to flask containing deoxygenated THF (10 
15 mL) and a 20 % w/w Na2COs solution (10 mL) under a nitrogen atmosphere and stirred 
vigorously. 2,3,5-tribromothiophene (1,022 g, 3. 1 mmol) and Pd(PPh 3 ) 4 (0. 107 g, 0.096 
mmol) were added and the solution was heated at reflux under a nitrogen atmosphere for 24 h. 
The heat source was removed, the reaction mixture was allowed to cool to room temperature 
and extracted with CH2CI2 (3 x 20 mL). The combined organic extracts were washed with 
20 H 2 0 (2 x 20 mL) followed by brine (2 x 20 mL), dried (Na 2 S0 4 ) and filtered. The solvent was 
evaporated under reduced pressure and the crude product was purified using column 
chromatography through silica gel (hexanes) yielding 0.553 g of pure product as a white solid. 
Yield: 57 %. 
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M.p. 43-44 °C; *H NMR (400 MHz, CD 2 C1 2 ) £7.72 - 7.69 (m, 2H), 7.63 - 7.60 (m, 2H), 7.49 
- 7.32 (m, 7H), 7.31 (s, 1H); 13 CNMR(100 MHz; CDC1 3 ) 5143.2, 137.3, 133.1, 132.8, 129.0, 
128.9, 128.5, 128.3, 128.2, 127.4, 107.9 (11 of 16 carbons found); FT-IR (CH 2 C1 2 cast) 3062, 
3014, 1600, 14844, 1443, 1326, 1076, 1028, 825, 759, 756, 690 cm" 1 ; LRMS (CI) Calcd for 
5 At (CieHnBrS): 314. Found: 317 ([M+ H] + , [ 81 Br], 100%), 315 ([M + H] + , [ 79 Br], 94%); 
Anal. Calcd for Ci 6 HnBrS: C, 60.96; H, 3.32. Found: C, 61.11; H, 3.56. 



3.1.2 Synthesis of the L2-bis(2,5-diphenvlthien"3-vlVhexafluorocvclot)ent-l"ene 
(compound 3V 

10 

A solution of 3-bromo-2,5-diphenylthiophene (0.200 g, 0.63 mmol) in anhydrous Et 2 0 (10 
mL) cooled to —20 °C was treated with rc-BuLi (0.25 mL of a 2.5 M solution in hexane) 
dropwise under a nitrogen atmosphere. A white precipitate formed after stirring for 5 min. 
This reaction mixture was stirred at -20 °C for a total of 15 min followed by addition of 

15 octafluorocyclopentene (40 |uL, 0.31 mmo) using a cooled gas tight syringe. The precipitate 
remained therefore anhydrous THF (3 mL) was added to dissolve the precipitate. After 
stirring for 30 min, the cooling bath was removed and the reaction was allowed to warm to 
room temperature and stirred for 1 h when it was quenched with 5% HC1 (5 mL). The aqueous 
layer was separated and extracted with Et 2 0 (2x10 mL). All organic extracts were combined, 

20 washed with H 2 0 (2x10 mL), followed by brine (10 mL), dried (Na 2 S0 4 ) and filtered. The 
solvent was evaporated under reduced pressure and the crude product was purified using 
column chromatography through silica gel (hexanes) yielding 59 mg of pure product as a 
yellow crystalline solid. Yield: 30 %. 

M.p. 223-225 °C; ! HNMR (400 MHz, CD 2 C1 2 ) £7.38 (m, 8H), 7.33 (m, 2H), 7.09 (m, 6H), 
25 7.01 (m, 6H), 6.31 (s, 2H); I3 C NMR (100 MHz, CDC1 3 ) £144.3, 143.7, 133.3, 132.3, 128.7, 
128.7, 128.0, 127.8, 127.8, 125.6, 124.4, 122.8 (12 of 15 carbons found); FT-IR (CH 2 C1 2 cast) 
3069, 3014, 2924, 1600, 1490, 1448, 1324, 1269, 1186, 1124, 1097, 979, 924, 751, 690 cm -1 ; 
LRMS (CI) Calcd for At (C 3 7H 22 F 6 S 2 ): 644. Found: 645 [M+ H] + . Anal. Calcd for 
C 3 7H 22 F 6 S 2 : C, 68.93; H, 3.44. Found: C, 69.20; H, 3.50. 

30 

3.1.3 Synthesis of the ring-closed form 3 9 
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3 3> 
Scheme 1 1 

5 Compound 3 (0.8 nig) was dissolved in CD2CI2 (1 .2 mL) and placed in an NMR tube. The 
solution was irradiated with 365 nm light for 4 min. This resulted in a photostationary state 
containing 42% of the ring-closed isomer 3\ 

*H NMR (600 MHz, CD 2 C1 2 ) £7.80 (d, J= 7.2 Hz, 4H), 7.44 (d, J— 6.0 Hz, 4H), 7.40-7.38 
(m, 8H), 7.23 (m, 2H), 6.69 (s, 2H). 

10 3.2 UV-VIS Absorption Spectroscopy of compound 3 

Upon irradiation of a CH 2 C1 2 solution (2 x 10" 5 M) of compound 3 using 365 nm light, the 
colourless ring-open isomer 3 (X max = 292 nm) was converted to the blue ring-closed isomer 
y (^max = 604 nm) (Figure 7a). *H NMR spectroscopic analysis of the ring-closing reaction 
1 5 determined that the photostationary state contained 42% of the ring-closed isomer 3 9 when a 
CD 2 C1 2 solution of 3 was irradiated with 365 nm light for 2 minutes. 

• 3.3 Cyclic Voltammetrv of 3 

The cyclic voltammogram of a CH 2 C1 2 solution (1 x 10" 3 M) of compound 3 shows an 
20 irreversible oxidation peak at 1 .62 V due to the oxidation of the ring-open isomer (Figure 8a). 
Irradiation of the solution with 365 nm light generated the blue ring-closed isomer and the 
cyclic voltammogram of this solution showed a very small irreversible oxidation peak at 0.89 
V which is assigned to the ring-closed isomer 3 ? . 

3.4 Electrochemical Ring-Opening of 3' 

25 
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Electrolysis of CD 3 CN solutions (1 x 1CT 3 M) containing the blue ring-closed isomer 3' at 1.0 
V resulted in decolourization of the solutions and *H NMR analysis showed that complete 
conversion from the ring-closed isomer 3' to the ring-open isomer 3 resulted. Addition of only 
2 mol% of the catalyst [(4-BrC 6 H 4 )3N][SbCl6] to a solution containing 3' at the 
5 photostationary state (as determined by UV-VTS spectroscopy) resulted in complete 

conversion to the ring-open isomer 3 indicating that the ring-opening process of this molecule 
is also catalytic. 



4.1 Synthesis of L2-bis(2-phenvl-3-thienvl)hexafluorocvclopent-l-ene (compound 4) 



A solution of 3-bromo-2-phenylthiophene (0.4565 g, 1.9 mmol) in anhydrous Et20 (25 mL) 
1 5 cooled to -20 °C was treated with ra-BuLi (0.76 mL of a 2.5 M solution in hexane) under a 
nitrogen atmosphere. After stirring for 45 min, a white precipitate formed. 
Octafluorocyclopentene (0.1 19 mL, 0.95 mmol) was added via a cooled gas-tight syringe and 
the solution was stirred at -20 °C for 1 h. The cooling bath was removed, the reaction mixture 
was allowed to slowly warm to room temperature and the mixture was stirred for 16 h when it 
20 was quenched with 5% HC1 (10 mL). The aqueous layer was separated and extracted with 
Et 2 0 (2x10 mL). All organic extracts were combined, washed with H 2 0 (2x10 mL), 
followed by brine (10 mL), dried (Na 2 S0 4 ) and filtered. The solvent was evaporated under 
reduced pressure arid the crude product was purified using column chromatography through 
silica gel (hexanes) yielding 83 mg of pure product as a white solid. Yield: 19 %. 



25 M.p. 117-118°C; 1 H NMR (500 MHz, CD2CI2) £7.26 - 7.18 (m, 6H), 6.92 (m, 4H), 6.90 (d, J 
= 5 Hz, 2H), 6.15 (d, J= 5 Hz, 2H); 13 C NMR (125 MHz, CD 2 C1 2 ) S 145.6, 133.0, 129.0, 
128.5, 128.2, 127.6, 125.6, 123.8 (8 of 13 carbons found); 19 F NMR (470 MHz, CD 2 C1 2 ) 5 - 



Example 4 




4 



Scheme 12 



27 

SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



107.20 (q, J= 5 Hz, 2F), -1 12.67 (t, J= 5 Hz, 4F); FT-IR (CH 2 C1 2 cast) 3057, 1651, 1600, 
1493, 1445, 1384, 1338, 1278, 1237, 1188, 1130, 1087, 1074, 1023, 1000, 965, 941, 842, 761, 
746, 711, 692, 668, cm" 1 ; HRMS (EI) Calcd for (C 2 5Hi4F 6 S 2 ): 492.0441. Found: 492.0445. 
Anal. Calcd for C 25 Hi4F 6 S 2 : C, 60.97; H, 2.87. Found: C, 60.94; H, 2.99. 

5 

4.2 Synthesis of the ring-closed form 4' 




Compound 4 (~5 mg) was dissolved in CH 2 C1 2 (20 mL) and placed in a quartz glass cell. The 
solution was irradiated with 313 nm light for 5 min. The solvent was removed under reduced 
1 5 pressure and the crude product was purified using column chromatography through silica gel 
(hexanes:CHCl3, 9:1) to afford 4' as a purple solid. 

*H NMR (300 MHz, CD 2 C1 2 ) £7.69 (dt, J= 7, 2 Hz, 4H), 7.39-7.22 (m, 5H), 7.01 (d, J= 6 
Hz, 2H), 6.22 (d, J= 6Hz, 2H). 

4.3 UV-VIS Absorption Spectroscopy of compound 4 

20 Upon irradiation of a CH 2 C1 2 solution (2 x 10" 5 M) of 4 with 313 nm light, the colourless ring- 
open form 4 (A, max = 251 nm) was converted to the purple ring-closed isomer 4' (X^ax =541 
nm) (Figure 7b). *H NMR spectroscopic analysis determined that the photostationary state 
contained 27% of the ring-closed isomer 4' when a CD 2 C1 2 solution (1 x 10" 3 M) of 4 was 
irradiated with 313 nm light for 2 minutes. The ring-opening reactions of both 3' and 4 ? could 

25 be done by irradiating the solutions with light using wavelengths greater than 490 nm. 



4.4 Cyclic Voltammetry of compound 4 
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The cyclic voltammogram of a CH 3 CN solution (1 x 10" 3 M) of 4 shows an irreversible 
oxidation peak at 1.86 V due to the oxidation of the ring-open isomer (Figure 8b). Irradiation 
of the solution with 313 nm light generated the purple ring-closed isomer and the cyclic 
voltammogram of this solution showed a very small irreversible oxidation peak at 1 .05 V 
5 which is assigned to the ring-closed isomer 4\ 

4.5 Electrochemical Ring-Opening of 4' 

Electrolysis of a CD 3 CN solution (1 x 10" 3 M) of 4' containing 27% of the ring-closed isomer 
10 4' at 1.1 V for 10 minutes resulted in the decolourization of the solution and subsequent 

regeneration of the *H NMR spectrum of the ring-open isomer 4. Addition of 8 mol% of the 
one-electron accepting radical cation [(4-BrC6H4)3N] [SbCle] to a CD2CI2 solution (1 x 10" 5 
M) of 4' at the photostationary state (as determined by UV-VIS spectroscopy) resulted in the 
complete disappearance of the absorption band in the visible region of the UV-VIS absorption 
1 5 spectrum and regeneration of the spectrum for the ring-open 4 indicating that the ring-opening 
process of this molecule is also catalytic. 

Example 5 

5.1 Synthesis of 1 ,2-bis(2-methvl-5,5'-dithiophen-3-vl > )perfluorocvclopent-l-ene 
(compound 5) 

20 Method 1 




DTE-C1 DTE-Br 5 

Scheme 13 
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5.1.1 Synthesis of L2-bis(5"bromo-2-methvlthien-3"Vl)-perflourocvclopent--l~ene (DTE- 
BrV 

A solution of dichloride DTE-C1 (0.5O0, 1.14 mmol) in anhydrous Et 2 0 (40 mL) cooled to ~ 
5 78 °C was treated with £-BuLi (1 .34 mL of a 1 .7 M solution in pentane) dropwise under an 
argon atmosphere. After stirring for 30 min, a solution of Br 2 (0.1 17 mL, 2.29 mmol) in 
anhydrous Et 2 0 (10 mL) was added dropwise and the mixture was stirred for 20 min at -78 
°C. The cooling bath was removed and the reaction mixture was allowed to warm to room 
temperature. The reaction mixture was washed with H 2 0 (2x15 mL) followed by brine (15 

10 mL), dried (Na 2 S04) and filtered. The solvent was evaporated under reduced pressure and the 
crude product was purified using column chromatography through silica gel (hexanes) 
yielding 0.452 g of the pure product as a colorless crystalline solid. Yield: 75 % 
M.p. 146-148 °C; l H NMR (300 MHz, CDC1 3 ) £6.99 (s, 2H), 1.87 (s, 6H)1 13 CNMR(100 
MHz,CDCl 3 ) 5143.3, 129.1,125.2, 1 10.0, 14.4 (5 of 8 carbons found); FT-IR (CH 2 C1 2 cast) 

15 3110, 3076, 2924, 1514, 1425, 1322, 1220, 1152, 1079, 1003, 839, 812, 785, 692 cm" 1 ; LRMS 
(EI) Calcd for (Ci 5 H 8 Br 2 F 6 S2): 524. Found: 524 (M^, [ 79 Br][ 79 Br], 52%), 526 (M 1 ", 
[ 79 Br][ 81 Br], 100%), 528 ( At, [ 81 Br][ 81 Br], 58%). Anal. Calcd for Ci 5 H 8 Br 2 F 6 S 2 : C. 34.23; H, 
1.53. Found: C, 34.07; H, 1.56. 

20 5.1.2 Synthesis of 1 .2-bis (2-methvl- 5 3 5 ' -dithiophen-3 -vDperfluorocyclopent- 1 -ene 
(compound 5) 

A solution of 2-bromothiophene (0.O80 g, 0.50 mmol) in anhydrous Et 2 0 (10 mL) was 
treated with magnesium turnings (0.0 14 g, 0.57 mmol) and heated at reflux for 45 min. The 

25 heat source was removed and the reaction mixture was allowed to cool to room temperature 
when it was added to a solution of dibromide DTE-Br (0.100 g, 0.20 mmol), Pd(dppf)Cl 2 (0.6 
mg, 0.004 mmol) and anhydrous Et 2 0 (10 mL) cooled to 0 °C dropwise via a canula. The 
reaction was stirred at this temperature for 1 h, then allowed to come to room temperature and 
stirred for 16 h when it was quenched with 5% HC1 (10 mL). The aqueous layer was separated 

30 and extracted with Et 2 0 (3x10 mL). All organic extracts were combined, washed with H 2 0 
(3x10 mL), followed by brine (10 mL), dried (Na 2 S0 4 ) and filtered. The solvent was 
evaporated under reduced pressure and the crude product was purified using column 
chromatography through silica gel (hexanes) yielding 0.056 g of pure product as a white solid. 
Yield: 55 % 
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Method 2 




If 




•Br 



1)Mg,Et 2 0 




1)n-BuLi, Et 2 O,-20°C 



2) Br 




R F 



BT2 



5 



Scheme 14 



5.2.3 Synthesis of 4-bromo-5-methvl42,2nbithienvl (BT2) 

A solution of 2-bromothiophene (1.44 g, 8.8 mmol) in anhydrous Et 2 0 (25 mL) was treated 
10 with magnesium turnings (0.257 g, 10.6 mmol) and heated at reflux for 45 min under a 

nitrogen atmosphere. The heat source was removed and the reaction mixture was allowed to 
cool to room temperature when it was added to a cooled (0 °C) solution of 3,5-dibromo-2- 
methylthiophene (2.0 g, 8.8 mmol), Pd(dppf)Cl2 (13 mg, 0.018 mmol) and anhydrous EtiO 
(10 mL) dropwise via a canula. The reaction was stirred at this temperature for 1 h, the 
15 cooling bath was removed, the mixture was allowed to slowly come to room temperature and 
stirred for 16 h when it was quenched with 5% HC1 (10 mL). The aqueous layer was separated 
and extracted with EtiO (2 x 20 mL). All organic extracts were combined, washed with H2O 
(3 x 20 mL), followed by brine (20 mL), dried (Na 2 SC>4) and filtered. The solvent was 
evaporated- under reduced pressure and the crude product was purified using column 
20 chromatography through silica gel (hexanes) yielding 1 .69 g of pure product as a white solid. 
Yield: 78 °A>. 

M.p. 36-37 °C; *H NMR (400 MHz, CD 2 C1 2 ) £7.24 (dd, J= 5, 1 Hz, 1H), 7.13 (dd, J= 4, 1 
Hz, 1H), 7.02 (dd, J= 5, 4 Hz, 1H), 7.00 (s, 1H), 2.39 (s, 3H); I3 C NMR (100 MHz, CDC1 3 ) 
136.4,133.1, 127.8, 125.9, 124.6, 123.7, 109.5, 14.7 (8 of 9 carbons found); FT-IR; LRMS 
25 (CI) Calcd for ht (C 9 H 7 BrS 2 ): 258. Found: 261 ([M+ H] + , [ 81 Br], 92%), 259 ([M -I- H] + , 
[ 79 Br], 10O%). Anal. Calcd for C 9 H 7 BrS 2 : C, 41.71; H, 2.72. Found: C, 41.96; H, 2.66. 

5.2.4 Synthesis of 1 ,2-bis(2-methvl-5,5 ? -dithiophen-3-vl)perfluorocvclopent-l-ene 



( compound 5). 
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A solution of 4-bromo-5-methyH2,2']bithienyl BT2 (0.395 g, 1.5 mmol) in Et 2 Q (20 mL) 
cooled to —20 °C was treated with w-BuLi (0.61 mL of a 2.5 M solution in hexane) dropwise 
under a nitrogen atmosphere. After stirring for 30 min at this temperature, 
octafluorocyclopentene (95 pL, 0.7 mmol) was added using a cooled gas-tight syringe and the 
5 solution immediately turned dark red in color. The reaction was stirred at -20 °C for 1 h, the 
cooling bath was removed, the solution was slowly warmed to room temperature and stirred 
for an additional 16 h at this temperature. The reaction was quenched with 5% HC1 (10 mL), 
the layers were separated and the aqueous layer was extracted with Et20 (2x10 mL). The 
combined organic extracts were washed with H2O (2 x 10 mL), brine (1 x 10 mL), dried 
10 (Na2S04) and filtered. The solvent was evaporated under reduced pressure and the crude 

product was purified using column chromatography through silica gel (hexanes). The isolated 
product was recrystallized (hexanes) yielding 0.1 15 g of pure product as a white crystalline 
solid. Yield: 30 %. 

M.p. 126-127 °C; ! H NMR (600 MHz, CD 2 C1 2 ) £7.28 (dd, J— 5, 1 Hz, 2H), 7.16 (dd, J= 3.6, 
15 1.2 Hz, 2H), 7.15 (s, 2H), 7.03 (dd, J= 5.1, 3.6 Hz, 2H), 1.97 (s, 6H); 13 C NMR (125 MHz, 

CDCI3) £140.8, 136.2, 135.5, 127.9, 125.5, 124.9, 124.1, 122.8, 14.4 (9 of 12 carbons found); 
FT-IR(CH 2 C1 2 cast) 3117, 3076, 2952, 2910, 1440, 1426, 1338, 1275, 1192, 1138, 1115, 
1053, 986, 837, 818, 742, 696cm _1 ; LRMS (CI) Calcd forM 4 " (C 23 Hi 4 F 6 S 4 ): 532. Found: 533 
[M+ H] + ; Anal. Calcd for C 23 Hi4F 6 S 4 : C, 51.87; H, 2.65. Found: C, 52.05; H, 2.59. 

20 

5.2.4 Synthesis of the ring-closed form 5' 




Compound 5 (5 mg) was dissolved in CH 2 C1 2 (50 mL) and placed in a quartz glass cell. The 
solution was irradiated at 365 nm for 10 min. The solvent was evaporated off under reduced 
pressure and the crude product purified using HPLC (hexanes) to afford the pure product 5' as 
30 a blue powder. 
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*H KTMR (300 MHz, CD 2 C1 2 ) 8 7.51 (dd, J= 5, 1 Hz, 2H), 7.31 (dd, J= 4, 1 Hz, 2H), 7.11 
(dd, J = 5, 4 Hz, 2H), 6.54 (s, 2H), 2.16 (s, 6H). 

5.3 UV-VIS Absorption Spectroscopy of compound 5 

5 A solution of 5 (2 x lb" 5 M) in CH 2 C1 2 appears at A, max = 316 nm (Figure 9). Irradiation of 5 
with. 365 nm light produces 5' with an absorption band at X max = 625 nm. The photostationary 
state upon irradiation of a solution (1 x 10~ 3 M) in CD 2 C1 2 of 5 with 365 nm light is >97 %. 
Irradiation with light greater than 490 nm resulted in the loss of colour and regeneration of the 
spectrum corresponding to 5. 

10 

5.4 Electrochemical Ring-Closing of compound 5 

The voltammogram of a CH3CN solution (1 x 10" 3 M) of 5 shows an irreversible oxidation 
peak at 1 .41 V (Figure 10a, top trace). The voltammogram of 5 9 performed on a CH3CN (1 x 

15 10" 3 M) solution of 5 after irradiation with 365 nm light for 6 minutes shows a clear reversible 
anodic wave at 0.85 V due to the oxidation of the ring-closed isomer 5' (Figure 10a, bottom 
trace). When the cyclic voltammetry experiment of the ring-open isomer 5 is swept through 
several oxidation/reduction cycles, a reversible peak appears at the same potential as that for 
the ring-closed isomer 5 ? (Figure 10a, inset) revealing that the ring-closing reaction is induced 

20 electrochemically. 

Example 6 

j 

6.1 Synthesis of L2-bis-(2-methyl-5,2 9 -dithiophen-3-vDperfluorocvclopentene (compound 
61 

25 




DTE-Br 



Scheme 16 
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A solution of 2-bromo-5-methylthiophene (0.124 g, O.70 mmol) in anhydrous Et 2 0 (10 mL) 
was treated with magnesium turnings (0.02 g, 0.83 mmol) and heated at reflux for 45 min 
under a nitrogen atmosphere. The heat source was removed and the reaction mixture was 
5 allowed to cool to room temperature when it was added to a cooled (0 °C) solution of 

dibromide DTE-Br (0.15 g ? 0.29 mmol), Pd(dppf)Cl 2 (0.6 mg, 0.004 mmol) and anhydrous 
Et 2 0 (10 mL) dropwise via a canula. The reaction was stirred at this temperature for 1 h, then 
allowed to come to room temperature and stirred for 24 h when it was quenched with 5% HC1 
(10 mL). The aqueous layer was separated and extracted with Et 2 0 (3 x 10 mL). All organic 
10 extracts were combined, washed with H 2 0 (3 x 10 mL), followed by brine (10 mL), dried 
(Na 2 SC>4) and filtered. The solvent was evaporated uxider reduced pressure and the crude 
product was purified using column chromatography through silica gel (hexanes) yielding 
0.1 16 g of pure product as a white solid. Yield: 72 °A> 

M.p. 124-125 °C; 'HNMR (400 MHz, CD 2 C1 2 ) 81 .OS (s, 2H), 6.94 (d, J= 4 Hz, 2H), 6.69 
15 (dq, 3, 1 Hz, 2H), 2.47 (d, J= 1 Hz, 6H), 1.94 (s, 6H); 13 C NMR (125 MHz, CDC1 3 ) 8 
140.2, 139.7, 135.9, 133.9, 126.0, 125.4, 123.9, 122.0, 15.3, 14.4 (10 of 13 carbons found); 
FT-IR (microscope) 3081, 3063, 2956, 2923, 2859, 2740, 1720.1622, 1580, 1559, 1536, 1500, 
1441, 1380, 1338, 1308, 1264, 1241, 1225, 1183, 1 160, 1132, 1097, 1050, 987, 901, 867, 849, 
839, 827, 817, 794, 747, 738, 697, 678, 662, 623 cm" 1 ; HRMS (EI) Calcd for 
20 (C25Hi 8 F 6 S 4 ): 560.0196. Found: 560.01982. Anal. Calcd for C25Hi 8 F 6 S 4 : C, 53.56; H, 3.24. 
Found: C, 53.47; H, 3.26. 

6.2 Synthesis of the ring-closed form 6' 



25 




Scheme 17 

Compound 6(1 mg) was dissolved in CD2CI2 (2 mL) and placed in an NMR tube. The 
30 solution was irradiated at 365 nm for 7 min. This resulted in a photostationary state consisting 
of >97 % of the ring-closed isomer 6\ No attempts were made to isolate 6 9 . 
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l n NMR (600 MHz, CD 2 C1 2 ) 5 7.09 (d, J- 5.4 Hz, 2H), 6.77 (dq, J = 5.4, 1 .2 Hz, 2H), 6.42 
(s, 2H), 2.52 (s, 6H), 2.12 (s, 6H). 

6.3 Cyclic Voltammetrv of compound 6 

Compound 6 showed similar behaviour as compound 5 as described above. The 
5 voltammogram of 6 shows an irreversible oxidation peak at E ox = 1 .26 V (Figure 10b, top 

trace). Irradiation of the solution with 365 nm generated the ring-closed form 6 ? which shows 
a reversible anodic wave at Ei/ 2 = 0.74 V (Figure 10b, bottom trace). 

6.4 Electrochemical Ring-Closing of compound 6 

A colourless solution of 6 was electrolyzed at 1 .35 V. Immediately after the electrolysis 
1 0 reaction was started, a red species was generated in the solution surrounding the platinum coil 
working electrode. After several seconds of electrolysis, the entire solution turned deep red in 
colour. Although the red species produced upon electrolysis has not been characterized, we 
believe this to be the oxidized ring-closed form. Reduction of the solution by applying a 
voltage of 200-400 mV or simply opening the reaction to the atmosphere resulted in a colour 
1 5 change of the solution from red to blue, suggesting that the neutral ring-closed isomer was 
produced. The deep blue solution of 6' which was generated electrochemically can be 
photochemically bleached upon exposure to greater than 490 nm light for 15 minutes. Thus 
compound 6 is reversibly convertible between a colourless form, a red form and a blue form. 
This is potentially important with respect to high-density data storage media, where the three 
20 colours can represent three digital states (0, 1, 2) at the same storage location on the medium. 
This way more information can be stored at a single site. 
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Example 7 

7.1 Synthesis of 23-bis(3~a-methvl-5-chlorothienvl) > )bicvclor2.2J 1hent-2.5-diene ( 
compound 7) 

5 A solution of 2-methyl-3-bromo-5-chlorothiophene in anhydrous ether (75 mL) was treated 
with rc-butyllithium (3.6 mL, 2.5 M in hexane, 9.0 mmol) dropwise at -78 °C under an N 2 
atmosphere. The resulting yellow solution was stirred for 30 min at this temperature then it 
was treated with a solution of anhydrous ZnCl 2 (1.23 g, 9.00 mmol) in anhydrous ether (10 
rnL) in one portion via a cannula (Scheme 5, above). After stirring for an additional 30 min at 

10 —78 °C, the cooling bath was removed and the reaction mixture was transferred via a cannula 
into a frame-dried flask containing 2,3-dibromobicyclo[2.2.1]hepta-2,5-diene (750 mg, 3.00 
rnmol), Pd(PPh 3 )4 (100 mg, 0.087 mmol) and anhydrous THF (50 mL). The resulting pale 
yellow solution was allowed to warm slowly to room temperature and heated at reflux for 18 
h under an N 2 atmosphere. The heating source was removed, the reaction was allowed to 

15 slowly cool to room temperature and quenched with saturated NH4CI (50 mL). The aqueous 
layer was removed and extracted with ether (3 x 50 mL). The combined organic layers were 
dried (Na 2 S0 4 ), filtered and concentrated to dryness in vacuo. The crude product was purified 
fcy column chromatography (hexanes) yielding 0.65 g of dichloride monomer 7 as a pale 
yellow solid. Yield: 62%. 

20 M.p. 67-69 °C; X H NMR (CDC1 3 , 400 MHz) J6.93 (m, 2H), 6.58 (s, 2H), 3.70 (m, 2H), 2.32 
Cdt, / = 6, 2 Hz, 1H), 2.09 (dt, / = 6, 2 Hz, 1H), 1.85 (s, 6H)? 13 C NMR (CDCI3, 100 MHz) S 
145.8, 142.9, 134.6, 132.6, 125.9, 71.6, 56.3, 14.1. FT-IR (KBr-cast) 2970, 2864, 1545, 1463, 
1294, 1023, 970, 820, 709, 646, 468 cm" 1 ; MS (CI isobutane) m/z = 353 [M+H] 1 *; Anal. Calcd 
for C17H14CI2S2; C 57.79; H, 3.99; N, 0.00. Found: C, 57.39; H, 3.84; N; 0.00. 

25 

Example 8 

8.1 Synthesis of 2,3-bis(3-(2-methvl-5-carboxvmethvlthienYD)bicvclor2.2. llhept-2,5- 
diene (compound 8) 

30 

As shown in Scheme 5, above, a solution of dichloride monomer 7 (300 mg, 0.85 mmol) in 
anhydrous THF (40 mL) was treated dropwise with £-butyllithium (1.40 mL, 1.7 M in 
pentane, 2.40 mmol) at -78 °C until no starting material was detected by TLC. After stirring 
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at -78 °C for 30 min, the cooling ice bath was removed and dry C0 2 gas was bubbled through 
the solution for 30 min. A white suspension immediately formed. The reaction mixture was 
concentrated to dryness in vacuo and re-suspended in acetone (40 mL). Solid K2CO3 (236 mg, 
1.7 mmol) was added, followed by dimethylsulfate (0.2 mL, 2.13 mmol). The reaction was 
5 heated at reflux under an N2 atmosphere for 1 8 h. The heating source was removed, the 

reaction was allowed to slowly cool to room temperature and quenched with water (20 xnL). 
The acetone was removed in vacuo and the remaining aqueous solution was extracted with 
ether (5x30 mL). The combined organic layers were washed sequentially washed with 
saturated NaHC0 3 (10 mL) and brine (10 mL), dried (Na 2 S0 4 ), filtered and evaporated to 

1 0 dryness in vacuo. The crude product was purified by column chromatography (9% 
EtOAc/hexane) yielding 150 mg of diester monomer 8 as a white solid. Yield: 44%. 
M.p. 102-103.5 °C. ! HNMR (CDCI3, 400 MHz) £7.49 (s, 2H), 6.97 (m, 2H), 3.84 (s, 6H), 
3.75 (m, 2H), 2.37 (d, J= 3 Hz, 1H,), 2.12 (d, J= 3 Hz, 1H), 1.86 (s, 6H); 13 C NMR (CDCI3, 
100 MHz) #162.6, 146.2, 143.0, 142.1, 136.4, 134.5, 129.5, 71.8, 56.7, 52.0, 14.7; FTIR 

1 5 (KBr-cast) 2945, 2848, 1717, 1648, 1469, 1303, 1255, 1082, 745, 717 cm" 1 . MS (CI 

isobutane) m/z = 401 [M+H] + , 369 [M- OCH 3 ] + ; Anal. Calcd for C21H20O4S2: C, 62.98; H, 
5.03; N, 0.00. Found: C, 62.64; H, 5.31; N, 0.00. 

Example 9 

20 

9.1 Synthesis of 23-bis( r 4-(5,5'-dimethvl-2,2 l -bithienvl > ) > )bicvclo|"2.2. 1 lhepta-2,5-diexie 
(compound 9). 




Scheme 18 

30 

9.1.1 Synthesis of 4-bromo-5,5 , -dimethvl-2,2'-bithienvl 08T3V 
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A solution of 2-bromo-5-methylthiophene (4.00 g, 22.6 mmol) in anhydrous ether (10 mL) 
was treated with magnesium turnings (0.577 g, 23.7 mmol) and heated at reflux for 45 min 
under an N2 atmosphere. The heat source was removed and the reaction mixture was slowly 
5 allowed to cool to room temperature when it was transferred to a flame-dried addition funnel 
via a cannula. A solution of 3,5-dibromo-2-methylthiophene (5.49 g, 21.5 mmol) and 
Pd(dppf)Cl2 (16.5 mg, 0.023 mmol) in 75 mL anhydrous ether was treated dropwise with the 
solution of the Grignard reagent over 30 min at 0 °C under an N2 atmosphere using an 
addition funnel. The resulting solution was allowed to slowly warm to room temperature and 
10 stirred for 72 h under an N 2 atmosphere, when it was quenched with saturated NH4CI (50 
mL). The aqueous layer was separated and extracted with ether (3 x 75 mL). The combined 
organic layers were dried over Na2SC>4, filtered and evaporated to dryness in vacuo. The crude 
product was purified by flash chromatography (hexanes) yielding 4.32 g of pure BT3 as a 
white solid. Yield: 74%. 

15 M.p. 80-81 °C; l U NMR (CDCI3, 400 MHz) £6.89 (m, 2H), 6.64 (m, 1H), 2.47 (s, 3H), 2.37 
(s, 3H); 13 CNMR(CDC1 35 1 00 MHz) S 139.5, 134.9, 132.5, 125.9, 125.2, 123.5, 109.3, 15.3, 
14.7 (9 of 10 carbons found). MS (CI isobutane) m/z = 273 [M+H]~\ 

9.1.2 Synthesis of 23-bisr4-(5.S , -dimethvl-2,2'^ 
20 (compound 9). 

A solution of 4-bromo-5,5 ! -dimethyl-2,2'-bithienyl BT3 (1.50 g, 5.49 mmol) in anhydrous 
ether was treated dropwise with n-butyllithium (2.2 mL, 2.5 M in hexane, 5.5 mmol) at -40 
°C under an N2 atmosphere. The resulting yellow solution was stirred for 30 min at this 

25 temperature, then it was treated with a solution of anhydrous ZnCb (0.75 g, 5.5 mmol) in 

anhydrous ether (10 mL) in one portion via a cannula. After stirring for an additional 30 min 
at —40 °C, the cooling bath was removed and the reaction mixture was transferred via a 
cannula into a flame-dried flask containing 2,3- dibromo [2.2.1] hepta-2 ? 5 - diene (0.500 g, 2.00 
mmol), Pd(PPh 3 ) 4 (46 mg, 0.040 mmol) and anhydrous THF (50 mL). The resulting solution 

30 was allowed to slowly warm to room temperature and heated at reflux for 1 8 h under an N2 
atmosphere. The heat source was removed, the reaction was allowed to slowly cool to room 
temperature and quenched with saturated NH4CI (50 mL). The aqueous layer was removed 
and extracted with ether (3 x 75 mL). The combined organic layers were dried over Na2SC>4, 
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filtered and evaporated to dryness in vacuo. The crude product was purified by flash 
chromatography (hexanes) and crystallized from 30% hexanes in ether yielding 500 mg of 
monomer 9 as white platelets. Yield: 54%. 

M.p. 129-130 °C; ! H NMR (CD2CI2, 400 MHz) £6.98 (t, J = 6 Hz, 2H), 6.83 (d, / = 4 
5 Hz, 2H), 6.61 (m, 2H), 3.77 (m, 2H), 2.43 (d, J = 1 Hz, 6H), 2.36 (dt, / = 6, 2 Hz, 1H), 
2.09 (dt, J = 6, 2 Hz, 1H), 1.89 (s, 6H); 13 C NMR (CDCb, 100 MHz) £145.7, 143.0, 
138.5, 136.0, 135.3, 133.7, 132.7, 125.7, 122.9, 122.8, 71.5, 56.4, 15.3, 14.2. 

Example 10 

10 

10.1 General Polymerization Procedure 

A solution of bis(tricyclohexylpliosphine)benzylidene ruthenium(IV)dichloride (0.003-0.01 
mmol) dissolved in dry deoxygenated THF (2 mL) was added through a cannula into a THF 

15 solution of the appropriate monomer (0.2-0.5 mmol) as shown in Scheme 5 above. The final 
monomer concentrations were 0.05 M. After stirring at room temperature for 18 h under a N 2 
atmosphere, excess ethyl vinyl ether was added and the resulting solutions were stirred while 
exposed to the atmosphere for 30 min. The crude reaction mixtures were evaporated to 
dryness in vacuo. To isolate the polymers in high purity the solid residues were re-dissolved 

20 in THF (2 mL), triturated with cold methanol or ether and the precipitate collected by vacuum 
filtration. 

10.2 Dichloride polymer (compound 10 ) 

25 Dichloride monomer 7 (137 mg, 0.37 mmol) was polymerized with 0.02 molar equivalents of 
bis(tricyclohexylphosphine)benzylidene ruthenium(IV)dichloride (6.1 mg, 0.007 mmol) to 
afford 105 mg of polymer 10 as an off-white solid. Yield: 80%. 

*H NMR (CDCI3, 400 MHz) 5 6.5 j[br s), 5.4 (br s), 3.7 (br s), 3.5 (br s), 2.5 (br s), 1.8-1.6 
(m). 

30 

Example 11 

11.1 Diester polymer (compound 11) 
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Diester monomer 8 (1 50 mg, 0.38 mmol) was polymerized with 0.02 molar equivalents of 
bis(tricyclohexylphosphine)benzylidene ruthenium(IV)dichloride (6.2 mg, 0.008 mmol) to 
afford 92 mg of polymer 11 as an off-white solid. Yield: 60%. 

J HNMR (CDC1 3 , 40O MHz) £5.3-5.4 (m), 3.5 (br s), 3.8 (br s), 2.5 (br s), 1.9-1.7 (m). 

5 

Example 12 

12.1 Dicarboxvlic acid polymer (compound 12) 

10 A solution of diester polymer 11 (3 1 mg) in deoxygenated THF (3 mL) was treated with 
deoxygenated water (1 .5 mL), followed by an aqueous KOH solution (0.3 mL, 1M). The 
resulting solution was heated at reflux under an N 2 atmosphere for 5 h, the heat source was 
removed, the reaction was allowed to cool slowly to room temperature and stirred there for 18 
h. The crude reaction mixture was concentrated to 1 mL, and acidified with 3M HC1 (3 drops). 

1 5 The resulting precipitate was collected by vacuum filtration, washed sequentially with cold 
water (3 mL), Et 2 0 (3 mL) and CHCI3 (3 mL) and dried in vacuo yielding 25 mg of 
dicarboxylate polymer 12 as an off-white solid. Yield: 83%. 

! H NMR (CH3OD, 400 MHz) 813 (br s), 5.4 (br s), 4.2-3.4 (m), 2.5 (br s), 1.8 (br s). 

20 Representative UV spectra from typical photoisomerization studies are illustrated in Figure 1 1 
in respect of monomer 8 and polymers 11 and 12. All solutions were prepared at 2 x 10" 5 M 
in the active photochromic component. Polymer films were spin-coated onto 1 cmx2 cm 
quartz substrates as CHCI3 solutions using a Laurell WS-400A-6NPP/Lite spin-coater. 

25 Table 3 below shows the results of GPC analysis on selected compounds described above. 
With respect to the polymers reported in Table 1 . The glass transition temperatures and 
melting temperatures of polymers 10 and 11, measured by differential scanning calorimetry 
(DSC), are also included. Themogravimetic analysis of polymers 10 and 11 indicated they are 
stable at high temperature. 

30 

The absorption spectra of THF solutions (Figure 1 1 and Table 3) of polymers 10 and 11 
shows that in each case the /Uax values of the ring-closed form of the polymers are red-shifted 
when compared to tlie corresponding monomers 7 and 8 respectively. This effect can be 
attributed to the relief of ring-strain in the polymer, a direct result of the ROMP process. 
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The results of the photoinduced isomerization studies, carried out by irradiating the THF 
solutions at 254 mn or 3 1 3 nm with a hand-held UV lamp, are shown in Figure 1 1 . Within the 
first 10 seconds of irradiation, absorption bands appear between 500 and 600 nm as the 
5 photochromic monomers and polymers are converted from their colorless ring-open to their 
colored-closed forms. 

Table 3 - Monomer and Polymer Characterization 



compd Mv 


M a 


PDI 

(Mv/MO 




T m (°C) — 


^max/nrn (s x 10" 4 
ring-open form 


L mol 1 cm ') 

ring-closed form a 


10 19200 


15000 


1.28 


84 


164 


237 (3.03) 


455 (1.33) 


7 










226 (2.22) 


422 (0.65) 


11 22100 


15400 


1.44 


80 


166 


252(3.15) 


556 (1.35) 


8 










244 (2.97) 


504(1.20) 


12* 










248(2.31) 


527 (1.25) 



10 and 12) THF solutions of the ring-open forms for 30 seconds. h In aqueous phosphate buffer 
( P H7). 

After 120 seconds of irradiation at the concentration used, the increases in the visible 
absorption bands level off. The resulting colored solutions can be decolorized by irradiating 

15 them with broad-band light greater than 490 nm (434 nm for 7 and 10) resulting in the 

complete disappearance of absorption bands in the visible region. However, long irradiation 
times result in a small degree of photodegradation and the absorption spectra corresponding 
to the ring-open forms cannot be fully regenerated. This result is not surprising as we have 
reported how some non-fluorinated dithienylalkene derivatives are substantially less photo- 

20 fatigue resistant than their fluorinated counterparts. Figure 11 also shows the photochromic 
behavior of hydrophilic polymer 12 in aqueous solution (phosphate buffer, pH 7, 25 °C). 
This polymer can also be reversibly colorized and decolorized. 

Polymers 10 and 11 retain their photochromic behavior when spin-coated from CHCb 
solutions onto quartz substrates (Figure 11). Irradiation of the films with UV light (254 nm 
25 for 10 and 313 nm for 11) resulting in the immediate change in color indicating that the 

photochromic properties of the polymers were conserved in the processed state The changes 
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in the UV-Vis absorption spectrum of each polymer were similar to those obtained in 
solution, with the exception that slightly longer irradiation times were required to reach the 
photostationary states (290 seconds compared to 120 seconds for polymer 11, for example). 
The percent mass of the active photochromic component in our original side-chain polymers 
5 ranges from 60-68%. The new generation main-chain polymer ranges from 93%. This is due 
to the ROMP reaction of the strained olefin producing the requisite cyclopentene backbone 
that has been shown to be so versatile. 

Example 13 

10 13.1 Dithiophene polymer 13 

Monomer 9 (99 mg, 0.21 mmol) was polymerized as shown in Scheme 5 with 0.02 molar 
equivalents of bis(tricyclohexylphosphine)benzylidene ruthenium(IV)dichloride (3.4 mg, 
15 0.004 mmol) to afford 40 mg of polymer 13 as an off-white solid (40%). X H NMR (CDC1 3 , 
400 MHz) 5 6.8-6,5 (m), 5.4 (br s), 3.8 (br s), 3.5 (br s), 2.5-2.3 (m), 1.8-1.6 (m). 

It is expected polymer 13 will be electrochromic based on its structural similarity to 
compound 6 described above. 

20 

Polymer 12 is hydrophilic. Polymers 10, 11, and 13 are lipophilic. 

As will be apparent to those skilled in the art in the light of the foregoing disclosure, many 
alterations and modifications are possible in the practice of this invention without departing 
25 from the spirit or scope thereof. Accordingly, the scope of the invention is to be construed in 
accordance with the substance defined by the following claims. 
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WHAT IS CLAIMED IS: 

1 . A compound selected from the group consisting of compounds reversibly convertible 
under photochromic and electrochromic conditions between a ring-open isomer (I) and a 
ring-closed isomer (II): 

























^R 4 



(I) 



uv 

or 

oxidation 

VIS 
or 

oxidation 




10 wherein: 

Ri is selected from the group consisting of H and a halogen; 

R> is selected from the group consisting of H, a halogen, CH=CH and a polymer 
backbone; 

Ra is selected from the group consisting of H, a halogen, CO2Y (Y=H, Na, alkyl, aryl), 
15 and^? (X=N,0,S); 

R4 is selected from the group consisting of alkyl and aryl; and 

R5 is selected from the group consisting of H, alkyl and aryl. 

2. The compound as defined in claim 1, wherein said compound is convertible from said 
ring-open isomer (I) to said ring-closed isomer (IT) under photochromic conditions and 
20 from said ring-closed isomer (U) to said ring-open isomer (I) under electrochromic 

conditions. 
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3. The compound as defined in claim 1, wherein said compound is convertible from said 
ring -closed isomer (II) to ring-open isomer (I) under photochromic conditions and from 
said ring-open isomer (I) to said ring-closed isomer (II) under electrochromic 
conditions. 

5 4. The compound as defined in claim 2, wherein said compound is also convertible from 
said ring-closed isomer (II) to said ring-open isomer (I) under photochromic conditions. 

5. The compound as defined in claim 4, wherein said compound is also convertible from 
said ring-open isomer (I) to said ring-closed isomer (II) under photochromic conditions. 

6. The compound as defined in claim 1, wherein the electrochromic conversion between 
10 said isomers (II) and (I) is catalytic. 

7. The compound as defined in claim 1, wherein Ri is F. 

8. The compound as defined in claim 1, wherein Ri and R2 are F, R3 and R4 are ^ (X=S) 
and R5 is H. 

9. The compound as defined in claim 1, wherein Ri and R2are F, R3 and R4 are selected 

15 from the group consisting of aryl, o o and Rs is H. 

10. The compound as defined in claim 1, wherein Ri and Riare F, R3 is H, and R4 is ^x^ 
(X=S) andRs is H. 

11. The compound as defined in claim 1, wherein Ri and R>are F, R3 and R4 are O and Rs 
is H. 
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12. The compound as defined in claim 1, wherein Ri and Ikare F, R$ is (X=S), R4 is 
CHs and Rs is H. 

13. The compound as defined in claim 1, wherein Ri and R2 are F, R3 h 3 c-^ (X=S), R4 is 
CH3 and R5 is H. 

5 14. The compound as defined in claim 1, wherein Ri is H, R2 is HC=CH, R3 is CI and R4 
and R5 are H. 

15. The compound as defined in claim 1, wherein Ri is H, R2 is HC=CH, R3 is CO2CH3 and 
R4 and Rs are H. 

16. The compound as defined in claim 1, wherein Ri is H, R2 is HC^CH, R3 is ^Q* (X=S), 
10 and R4 and Rs are H. 

17. The compound as defined in claim 1, wherein Ri is H, R2 is HC=CH and forms part of 
the main chain of a polymer, R3 is CI and R4 and Rs are H. , 

18. The compound as defined in claim 1, wherein Ri is H, R2 is HC=CH and forms part of 
the main chain of a polymer, R3 is CO2CH3 and R4 and Rs are H. 

15 19. The compound as defined in claim 1, wherein Ri is H, R2 is HC=CH and forms part of 
the main chain of a polymer, Rs is CO2H and R4 and Rs are H. 

20. A polymer comprising the compound of claim 1, wherein R2 forms part of the polymer 
main-chain. 

21 . The polymer as defined in claim 20, wherein said polymer is a homopolymer. 
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22. The polymer as defined in claim 21, prepared by ring-opening methathesis 
polymerization. 

23. A method of preparing a compound according to claim 1, comprising carrying out the 
reaction steps set forth in any one of Schemes 2, 5, 6, 8, 10, 12, 13, 14, 16 and 18. 

5 24. The use of a compound according to any one of claims 1 to 19. 

25. The use according to claim 23, which is selected from the group consisting of: 

(1) opthalmic lenses-eyeglasses that change color depending on the ambient light; 

(2) actinometry, and molecular sensors; 

(3) novelty items such as photochromic inks, paints and fibers; 

10 (4) variable transmission filters - those that on command, regulate the amount 

and type of light that can be transmitted; 
(5) high-density optical information storage systems (this invention is particularly 
well-suited to this application as it provides more information storage sites 
per unit area), 

15 (6) photo-regulated molecular switches that can be incorporated into molecular- 

scale machinery; 

(7) optoelectronic systems; 

(8) reversible holographic systems; and 

(9) molecular switches in molecule-based wires and circuitry. 



20 



26. A polymer comprising a compound interconvertible between a ring-open isomer (HI) 
and a ring-closed isomer (IV): 




R 3 S R4 S R 3 

(in) (iv) 
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where Ra is selected from the group consisting of H, a halogen, CO2Y (Y=H, Na, 
alkyl, aryl), and (X=N,0,S) and n is between 10 and 100. 

27. The polymer as defined in claim 26, wherein R3 is selected from the group consisting of 
CI, CO2CH3 and CO2H. 



48 

SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



1/9 




Figure 1. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



2/9 

) (b) 




| , 1 , 1 , j— 

0.7 0.8 0.9 1.0 

E/V 



Figure 2. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



3/9 




Figure 3. 




Figure 4. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



4/9 




400 600 800 

X/ nm 



Figure 5. 




0.0 0.4 0.8 1.2 1.6 
E/V 



Figure 6. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



5/9 



(a) 



(b) 





300 



X/nm 



500 
X/nm 



700 



Figure 7. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



6/9 




n — i — i — i — i — i — i — i — 1 1 i ' i 1 i 1 i 1 i 
0.4 0.8 1.2 1.6 0.4 0.8 1,2 1.6 2.0 

E/V E/V 



Figure 8. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



7/9 



PCT/CA2003/001216 




400 600 ~ 800 

X/ nm 



Figure 9. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 



8/9 



(a) (b) 




1 1 1 1 1 

0.0 0.4 0.8 1.2 1.6 E/V 

E/V 



Figure 10. 



SUBSTITUTE SHEET (RULE 26) 



WO 2004/015024 



PCT/CA2003/001216 




Figure 11. 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



International Application No 

PCT/CA 03/01216 



A. CLASSIFICATION OF SUBJECT MATTER . , 

IPC 7 C09K9/02 C08G61/12 C08661/02 C07D333/12 C07D333/28 
C07D333/40 C07D495/04 //(C07D495/04 , 333 : 00 , 333 : 00 ) 

According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 7 C09K C08G C07D 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practical, search terms used) 

EPO-Internal , PAJ, WPI Data, BEILSTEIN Data, CHEM ABS Data, BI0SIS 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



x,p 



P,A 



PETERS A ET AL: "ELECTROCHEMICALLY 
INDUCED RING-CLOSING OF PHOTOCHROME 
1 , 2-DITHIENYLCYCLOPENTENES" 
CHEMICAL COMMUNICATIONS - CHEMCOM, ROYAL 
SOCIETY OF CHEMISTRY, GB, 

2003, pages 954-955, XP002265875 
ISSN: 1359-7345 
cited 1n the application 
the whole document 



-/-- 



1-16, 
23-25 



17-22, 
26,27 



Further documents are listed In the continuation of box C. 



ID 



Patent family members are listed in annex. 



• Special categories of cited documents : 

•A' document defining the general state of the art which is not 
considered to be of particular relevance 

•E' earlier document but published on or after the International 
filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

'O* document referring to an oral disclosure, use, exhibition or 
other means 

"P* document published prior to the international filing date but 
later than the priority date claimed 



■T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited lo understand the principle or theory underlying the 
invention 

"X 1 document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

*Y' document of particular relevance; the claimed invention 

cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
In the art. 

document member of the same patent family 



Date of the actual completion of the international search 



7 January 2004 



Date of mailing of the International search report 



27/01/2004 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patenllaan 2 
NL - 2280 HV Rijswijk 
Tel. (+31-70) 340-2040. Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 



Authorized officer 



Hartlnger, S 



Form PCT/ISA/210 (second sheet) (Jufy 1992) 



INTERNATIONAL SEARCH REPORT 



International Application No 

PCT/CA 03/01216 



C(Continuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 


Udicyui y 


r^rtatlrtn of rtrinirnpnt with inr1ir.atir»n whprp AnnrnnriAtA nf Ihp rpl^uant na^vinp^ 
v^iiolK/ii ikjisUM id ii, mill ii iuii>aiivji i,tvi id c ciy) \jt vj^jf ia\x3 , vi nit; icrcvciiii jJaooayco 


Rpl^\/ant tn claim Nn 


Y 


6ILAT S L ET AL: "LIGHT-TRIGGERED 


1-16, 




ELECTRICAL AND OPTICAL SWITCHING DEVICES" 


23-25 




JOURNAL OF THE CHEMICAL SOCIETY, CHEMICAL 






COMMUNICATIONS, CHEMICAL SOCIETY. 






LETCHWORTH, GB, 






1993, pages 1439-1442, XP002062334 






ISSN- 0022-4936 




A 


scheme 2 


17-22, 




page 1441, left-hand column, paragraph 2 


26,27 




•right-hand column, paragraph 3; figures 






1,3 

page 1442, left-hand column, paragraph 1 

— 




Y 


FRAYSSE, SANDRINE ET AL: "Synthesis and 


1-16, 




properties of dlnuclear complexes with a 


23-25 




photochrome bridge: an Interval ence 






electron transfer switching "on" and 






"off"" 






EUROPEAN JOURNAL OF INORGANIC CHEMISTRY ( 






2000 ), (7), 1581-1590 , 






XP002265812 




A 


footnote 24 


17-22, 




page 1582, left-hand column, paragraph 2; 


26,27 




figure IB; examples 12,12A 

— 




Y 


UCHIDA K ET AL: "PH0T0CHR0MISM OF 


1-16, 




DIARYLETHENES ON POROUS ALUMINIUM OXIDE: 


23-25 




FATIGUE RESISTANCE AND REDOX POTENTIALS OF 






THE PHOTOCHROMES" 






CHEMISTY LETTERS, THE CHEMICAL SOCIETY OF 






JAPAN, 






vol. 4, 2001, pages 366-367, XP009023460 






page 367, left-hand column; figure 2; 






examples 1B,2B 

— 




Y 


PATENT ABSTRACTS OF JAPAN 


1-16, 




vol . 1998, no. 11 , 


23-25 




30 September 1998' (1998-09-30) 






-& JP 10 152679 A (MITA IND CO LTD), 






9 June 1998 (1998-06-09) 






abstract 






claim 1; figure 5; examples 

— 




Y 


IRIE M ET AL: "Photochroml sm of 


1-16, 




D1 arylethenes Having TMophene Oligomers 


23-25 




as the Aryl Groups" 






TETRAHEDRON, ELSEVIER SCIENCE PUBLISHERS, 






AMSTERDAM, NL, 






vol . 53, no. 36, 






ft ^pntpmhpr 1QQ7 MQQ7— OO— Oft^ nanpQ 






12263-12271, XP004106080 






ISSN: 0040-4020 






scheme 1 






page 12263, line 3, paragraph 1; examples 






4,5,7 






-/-- 





Form PCT/ISA/210 (continuation of second sheet) (July 1992) 



INTERNATIONAL SEARCH REPORT 



International Application No 

PCT/CA 03/01216 



C.(Contlnuatlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No 



WO 02 06361 A (UNIV FRASER SIMON ; BRANDA 

NEIL R (CA); MYLES ANDREW J (CA)) 

24 January 2002 (2002-01-24) 

cited 1n the application 

products 3 to 8, 10, 13 

page 5, last paragraph -page 6, line 15; 

figures 1,3,4 

PATENT ABSTRACTS OF JAPAN 

vol. 1996, no. 09, 

30 September 1996 (1996-09-30) 

-& JP 08 119963 A (IRIE MASAHIRO), 

14 May 1996 (1996-05-14) 

abstract 

page 3; examples 

NORSTEN, TYLER B. ET AL: "Photoregulatlon 
of Fluorescence 1n a Porphyrinic 
D1th1enylethene Photochrome" 
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY ( 
2001 ), 123(8), 1784-1785 , 

XP002265813 
scheme 1 

page 1784, left-hand column, paragraph 2 



1-16, 
23-25 



17-22, 
26,27 



1-16, 
23-25 



1-16, 
23-25 



Form PCT/ISA/210 (continuation ol second sheet) (July 1992) 



INTERNATIONAL SEARCH REPORT 

Information on patent family members 



International Application No 

PCT/CA 03/01216 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


OP 10152679 


A 


09-06-1998 


NONE 






WO 0206361 


A 


24-01-2002 


AU 


7561801 A 


30-01-2002 








U0 


0206361 A2 


24-01-2002 








CA 


2416016 Al 


24-01-2002 



OP 08119963 A 14-05-1996 NONE 



Forni PCT/ISA/210 (patent family annex) (July 1992) 



